Electrophysiological characterisation of the vast number of annotated channel and transport proteins in the postgenomic era would be greatly facilitated by the introduction of rapid and robust methods for the functional incorporation of membrane proteins into defined lipid bilayers. Here, we describe an automated technique for reconstitution of membrane proteins into lipid bilayer membranes, which substantially reduces both the reconstitution time and the amount of protein required for the membrane formation. The method allows the investigation of single protein channels as well as insertion of multiple copies (∼10 7 ) into a single bilayer. Despite a comparatively large membrane area (up to 300 μm diameter), the high stability of the membrane permits the application of transmembrane voltages up to 300 mV. This feature is especially important for studies of inner membrane mitochondrial proteins, since they act at potentials up to ∼200 mV under physiological conditions. It is a combination of these advantages that enables the detailed investigation of the minuscule single protein conductances typical for proton transporters. We have applied the new technique for the reconstitution and electrophysiological characterisation of human recombinant uncoupling protein 1, hUCP1, that has been overexpressed in E. coli and purified from inclusion bodies. We demonstrate that hUCP1 activity in the presence of fatty acids is comparable to the activity of UCP1 isolated from brown adipose tissue.
Introduction
The number of membrane proteins identified from genome sequencing and cDNA library searches now greatly exceeds the number of electrophysiologically characterised transport and channel proteins, and identification of their functions based on their transport properties remains a challenge for the future. For example, a range of mitochondrial uncoupling proteins (UCP2, UCP3, UCP4, UCP5) belonging to the uncoupling protein subfamily were discovered by aimed searching of cDNA library in the last decade [2, 4, 13, 20, 31] . Their molecular transport mechanisms and, consequently, exact functions are either unknown or controversially disputed until now.
Whereas the investigation of small water-soluble proteins exhibits no essential problems, handling of highly hydrophobic membrane proteins such as UCP still requires advances in methodological approach. The most successful technique for evaluating electrophysiological properties of protein channels, a patch clamp recording of the cell membrane [19] , provides an excellent signal resolution, however, it is often difficult to assign the measured channels to specific proteins. Moreover, it is inapplicable for studies of ion channels located on intercellular membranes, such as endoplasmic or sarcoplasmic reticulum. Another specific problem appearing by studies of living systems is a lack of knowledge about exact membrane properties, for example, membrane potential, which seems to be of a great importance for UCP function. As reviewed in [16] , there are many pitfalls in the determination of mitochondrial membrane potential in intact cells, and there is an apparent conflict of data between results obtained by monitoring mitochondrial membrane potential with fluorescent probes and monitoring respiratory parameters with an oxygen electrode.
Protein reconstitution into artificial lipid bilayers represents an alternative method allowing the biochemical analysis of defined protein preparations in a precisely known lipid and buffer environment. Since the first description of artificial planar lipid membrane formation [15] , two main approaches allowing successful reconstitution of isolated and purified protein have been developed: a "monolayer spreading" method (i) described by Schindler et al. [26] and its modification for glass patch pipettes (ii) proposed by Wilmsen and collaborators [6] . Both methods use the finding that monolayers are formed spontaneously at the air-water interface of a proteoliposome suspension [17, 24] . (i) By "monolayer spreading" method two monolayers can be combined into a protein-containing bilayer by raising the solution level on both sides of a septum that divides the chamber into two parts [25] [26] [27] . At present, this method seems to be the most frequently used approach for studies of purified proteins in artificial lipid bilayers [5, [21] [22] [23] 30] . Disadvantages of this technique include cleaning and preparation of the chamber, as well as hole punching. (ii) The second method implies the formation of planar lipid bilayer membranes at the end of glass patch clamp pipettes [6] . Better current resolution and simple handling have been claimed as advantages of this method. However, the use of this interesting approach appears to have declined in recent years. The most evident reasons are a high membrane fragility and difficulties in control for the membrane quality because membrane capacitance and, thus, membrane diameter cannot be measured accurately due to membrane movements inside the patch pipette. The small membrane diameter, leading to the small signal to noise ratio is a further disadvantage for measurements with membrane carriers. Both methods are rather time consuming and require a well-trained researcher.
It is worth to mention that an additional technique exists, by which proteins are introduced to bilayer membrane via a proteoliposome adsorption with a subsequent membrane fusion and is applicable for measurements of ion channels [12, 14] , having much greater transport rates than membrane transporters. Low amount of the proteins, which can be reconstituted by this technique makes a detailed investigation of minuscule single protein conductances of proton transporters difficult.
Here, we describe essential modifications of the Wilmsen's method, allowing the formation of large planar lipid bilayer membranes at the tip of a plastic pipette. The reconstitution of hydrophilic and hydrophobic proteins is demonstrated on the examples of gramicidin, and recombinant E. coli-expressed recombinant human uncoupling protein-1 (hUCP1). We show that hUCP1 mediates an increase of membrane conductance only in the presence of fatty acids and this increase is inhibited by purine nucleotides in a manner identical to the native UCP1 isolated from brown adipose tissue (BAT).
Experimental procedures
2.1. UCP1 expression, extraction, purification and reconstitution into liposomes E. coli strain Rosetta pLysS (Novagen) was transformed with vectors containing cDNA coding for human UCP1 [3] . The hUCP1 expression, extraction from inclusion bodies and purification followed previously described protocol [9] . The hUCP1 was reconstituted into liposomes using previously described procedures [9] [10] [11] 32] , employing incubation of the protein/lipid mixture in 30 mM K-TES, 80 mM K 2 SO 4 , 2 mM EDTA, pH 7.2, with BioBeads SM-2 (Bio-Rad). To introduce fatty acids, proteoliposomes were mixed with FA-containing liposomes in required proportions. The resulting multilamellar vesicles, containing FA and UCP1, were than extruded through the filter of 400 nm pore diameter using a small-volume extrusion apparatus (Avestin Inc., Ottawa, Canada) [18] .
Conductance measurements
Current-voltage (I-V) characteristics were measured by a patch-clamp amplifier (EPC 10, Heka Elektronik Dr. Schulze GmbH, Germany). For conductance measurements, a ramp voltage signal operating at frequencies of 0.016 Hz was used. Membrane conductance G was determined at zero voltage from a linear fit of voltages in the interval between −50 and 50 mV. For noise reduction, the Power-Line Conditioner (Warner Instruments Inc., USA) was used. The apparatus was fixed onto a vibration-free table (Newport Corporation, U.S.A.). Data acquisition and processing were performed by Software Pulse (v. 8.65, HEKA Elektronik Dr. Schulze GmbH, Germany).
Results

Formation of bilayer membranes from hUCP1-containing monolayers
Bilayer membranes containing UCP1 were formed on the tip of conventional dispensable plastic pipettes (Eppendorf epT.I.P. S. Geloader, Fisher Scientific, Germany) having a diameter 150-300 μm. An electrical scheme and a common view of the experimental set-up is shown in Fig. 1A , B, C.
At the beginning of the experiment, the pipette was filled with the buffer solution and attached to the pipette holder manually. The most critical step of the membrane formation is the relative position of the pipette tip to the water surface. For successful membrane formation, the angle between the bath and pipette surfaces was held above 90° (Fig. 1D, E) . To ensure this, the pipette tip was flexed as shown in Fig. 1B, C. A small plastic dispensable container with a volume of 0.75 ml and surface diameter of 12 mm (Fig. 1B) was filled with the proteoliposome suspension, permanently stirred and maintained at 37°C. The pipette tip was placed several millimeters under the air-buffer solution surface and a pipette elevator was started. The raising of the pipette from the bath eventually leads to the formation of the first monolayer. After achieving a fix point over the surface, the pipette was lowered slowly into the solution again. As the pipette tip passes through the lipid monolayer spread on the buffer solution surface, it becomes coated with a second monolayer of lipid molecules, thereby forming the lipid bilayer. In our setup tip, elevating and lowering was carried out automatically. Typically, the self-made device operated at a frequency of 0.5-1 Hz. It was controlled by a self-made electronic controller, which stopped the up and down movement after membrane formation. Therefore, a feedback loop was installed to the analogue output of the current amplifier (Fig. 1A) .
Verifying of the bilayer formation
Monitoring the membrane capacitance
To verify the formation of the bilayer, the capacitance of the membrane was permanently monitored (Fig. 2) . For this goal, a triangle input wave with a peak to peak amplitude of 100 mVand a frequency of 5 Hz was applied to the input reference electrode after starting the pipette elevator device. A self-made electronic scheme, connected to the amplifier, was analyzing the output signal from the output reference electrode. A feedback signal was transmitted to the elevator device allowing a continuous cycle of pipette elevation followed by slow pipette lowering if bilayer formation was not indicated by capacitance measurements. In the case of successful membrane formation, the feedback signal stopped the elevation process. Specific capacitance, C spec , was calculated with respect to membrane surface area without torus as determined using light microscope. It was equal to 0.95 ± 0.05 μF/cm 2 for bilayers both with and without protein. The typical value of C spec , determined based on the pipette diameter, was ca. 0.75 μF/cm 2 . These values are similar to the values reported for decane-free membranes formed from proteoliposomes [28, 30] . The measured capacitance remained constant during the experiment and served as a parameter for the membrane quality. In contrast, C spec of decane containing membranes is between 0.4 and 0.5 μF/cm 2 .
Reconstitution of the model peptide gramicidin
Gramicidin is known to form characteristic voltage-dependent multi-level pore fluctuations in bilayer membranes [1, 7, 8] . Because gramicidin exhibits these characteristic channel states only in true bilayer membranes, their visualisation provides additional evidence that the pipette is sealed by a single lipid bilayer. In the described set-up (Fig. 1) , the peptide gramicidin (Fluka Chemie GmbH, Buchs, Switzerland) was added from an ethanolic stock solution to the buffer solution. Fig. 3 illustrates the typical gramicidin channel activity measured in the described set-up. Current flow through the bilayer was monitored using the same amplifier (EPC 10, HEKA). The chamber was clamped at virtual ground while the pipette was clamped to the desired holding potential of 100 mV.
Conductance measurements of the membrane, containing recombinant human UCP1 in presence of long chain fatty acids
In the absence of fatty acids, the specific conductance G 0 of planar lipid membranes reconstituted with hamster UCP1 (BAT), recombinant hUCP1 and without protein was (19 ± 6) nS/cm 2 .
This confirms our previous data that uncoupling protein is incapable of increasing conductance in sulphate medium in the absence of fatty acids. To be able to compare results obtained with UCP1 [30] , we have first measured the activity of native UCP1 isolated from hamster BAT and reconstituted using a new approach. The introduction of the native hamster UCP1 from BAT, to the membrane, containing oleic acid in concentration 15 mol% led to the increase of the membrane conductance up to 89.5 ± 10.5 nS/cm 2 . This conductance was comparable to the values previously measured with monolayer elevation technique. Fig. 4 shows current-voltage relationships of recombinant hUCP1-containing membranes measured in the absence (white circles) and in the presence of oleic acid (OA, black circles), or in the presence of oleic acid and 2 mM ATP (grey circles). The inhibition by ATP demonstrates the sensitivity of the proteinmediated conductance to purine nucleotides. Using the advantages of the system described above, we have confirmed that the recombinant hUCP1 behaviour is qualitatively identical to the behaviour of native UCP1, purified from hamster BAT. Fig. 5 shows the original recordings and fitted curves of current-voltage dependence measured from the membranes, containing recombinant hUCP1 only (A) and membranes, containing recombinant hUCP1 and 10 mol% arachidonic acid (B). The application of voltages up to 300 mV reveals the high nonlinearity of the current at voltages exceeding ca. 120 mV.
Discussion
We have developed an automatic technique, which reduces substantially the efforts of any researcher and allows the usage of dispensable material for the reconstitution of membrane proteins in artificial membranes. In comparison to known reconstitution methods, the described system has several important advantages: (i) Conventional plastic pipettes with a diameter 150-300 μm were used. Because such membranes are much larger than membranes formed on the tip of the glass patch pipette (ca. 0.5-5 μm), much more protein can be reconstituted. As a result the total signal is increased that enables the detailed investigation of the minuscule single protein conductances typical for all proton transporters in comparison with relative high transport rate of ion channels [29] . The latter can be studied in the membranes, where protein is reconstituted by fusion of proteoliposomes with planar bilayers [12, 14] . Albeit the membrane surface is bigger, the amount of proteoliposomes is reduced because less buffer solution is required (50-100 μl). In contrast to the glass pipette method, the specific membrane capacitance, C spec , can be measured exactly, because the diameter of the membrane on the pipette tip can be precisely measured by microscope. Thus, an important criterion for the verification of bilayer formation is fulfilled. A further advantage of the proposed set-up is worth mentioning. Conventional plastic pipettes and container are cheap dispensable objects and can be easily replaced. No additional expensive devices are necessary for pipette pulling. (ii) The automation of the membrane formation process makes the method especially useful for researchers having little experience with the model membrane techniques. The automatic approach allows future extensions to simultaneous formation of several independent membranes, for example, in well plates (Fig. 6) . Conceivably, it enables high throughput screening of ion channels and carriers.
(iii) The stability of the membranes made by this technique is significantly increased that makes it possible to apply voltages up to 300 mV. The latter is especially important for studies of mitochondrial uncoupling proteins, whose function or regulation may be dependent on the membrane potential. The present setup affords preconditions for the future study of voltage dependence of their nucleotide gating mechanism.
